Primary mediastinal B-Cell lymphoma (PMBL) is a recently defined entity comprising~2-10% non-Hodgkin lymphomas (NHL). Unlike most NHL subtypes, PMBL lacks recurrent gene rearrangements to serve as biomarkers or betray target genes. While druggable, late chemotherapeutic complications warrant the search for new targets and models. Well characterized tumor cell lines provide unlimited material to serve as preclinical resources for verifiable analyses directed at the discovery of new biomarkers and pathological targets using high throughput microarray technologies. The same cells may then be used to seek intelligent therapies directed at clinically validated targets. Four cell lines have emerged as potential PMBL models: FARAGE, KARPAS-1106P, MEDB-1 and U-2940. Transcriptionally, PMBL cell lines cluster near c(lassical)-HL and B-NHL examples showing they are related but separate entities. Here we document genomic alterations therein, by cytogenetics and high density oligonucleotide/SNP microarrays and parse their impact by integrated global expression profiling. PMBL cell lines were distinguished by moderate chromosome rearrangement levels undercutting cHL, while lacking oncogene translocations seen in B-NHL. In total 61 deletions were shared by two or more cell lines, together with 12 amplifications (4x) and 72 homozygous regions. Integrated genomic and transcriptional profiling showed deletions to be the most important class of chromosome rearrangement. Lesions were mapped to several loci associated with PMBL, e.g. 2p15 (REL/COMMD1), 9p24 (JAK2, CD274), 16p13 (SOCS1, LITAF, CIITA); plus new or tenuously associated loci: 2p16 (MSH6), 6q23 (TNFAIP3), 9p22 (CDKN2A/B), 20p12 (PTPN1). Discrete homozygous regions sometimes substituted focal deletions accompanied by gene silencing implying a role for epigenetic or mutational inactivation. Genomic amplifications increasing gene expression or gene-activating rearrangements were respectively rare or absent. Our findings highlight biallelic deletions as a major class of chromosomal lesion in PMBL cell lines, while endorsing the latter as preclinical models for hunting and testing new biomarkers and actionable targets.
Introduction
Primary mediastinal B-Cell lymphoma arises in the mediastinum from transformed thymic Bcells and comprises 2-10% NHL. According to microarray profiling, PMBL is distinct from both germinal center and activated diffuse large B-cell lymphomas (DLBCL) bearing the closest pathological resemblance to classical Hodgkin lymphoma (cHL) nodular sclerosing subtype and mediastinal grey zone lymphoma.
Although PMBL responds initially to chemotherapy subsequent poor prognostic outcomes warrant the search for new targets and disease models [1, 2] . Like cHL, but unlike most NHL subtypes, PMBL lacks recurrent gene rearrangements to serve as diagnostic or prognostic biomarkers or portals to oncogenic drivers, and hence, potential therapeutic targets. PMBL and cHL show alterations at three loci, 2p16 (~50%), 9p24 (~75%), and 16p13 (~45%) [3] [4] [5] . Doubt has been cast on the clinical significance of SOCS1 the mooted target at 16p13 [6] , while genomic neighbors of JAK2 the preferred candidate at 9p24, namely CD274/PDL1, PDCD1LG2/PDL2 which serve to fatigue reactive T-cells have emerged as alternative targets [7] . Recently, inactivating mutations of PTPN1 have been reported in both PMBL and cHL [8] compounding the list of targets shared by these entities.Low incidence has impeded ascertainment of oncogenomic changes in PMBL [2] . Should key changes be indeed found these may turn out to be rare or cryptic. By permitting in depth studies well characterized tumor cell lines have helped unravel the pathology of such rare or pathologically intractable cancers [9] . In the light of revised PMBL diagnostic criteria four well characterized PMBL cell lines have recently emerged [10] . The advent of forensic DNA profiling promises to dispel the threat of cross contamination widely perceived as a major hindrance [11] .
In the quest for PMBL biomarkers and pathological targets we have assembled a panel of PMBL cell lines and documented genomic alterations therein using high density arrays offering circa 40-80x improvements over earlier studies. Candidacies of gene targets were evaluated by parallel expression array profiling and reference clinical data. Several new or unfamiliar potential oncogenomic targets were thus identified. Concordance with clinical data thus observed strengthens the validity of PMBL cell lines as useful models and resources.
Materials and Methods

Cell lines
FARAGE was established before 1992 from the lymph node of a 70-year old female at diagnosis of DLBCL sited parasternally [12] . The close similarity of its DNA methylation profile to primary PMBL cells warrants reassignment to that entity [13] . In 1984 KARPAS-1106P and its phenotypically indistinguishable sibling KARPAS-1106A were respectively established from a pleural effusion (at diagnosis) and ascites (during disease progression) of a 23-year old female with "mediastinal lymphoblastic B-NHL" [14] . MEDB-1 was derived in 1981 from the mediastinal mass of a 27-year old male with PMBL (mediastinal B-cell non Hodgkin lymphoma [B-NHL] stage IIb) during relapse [15] . U-2940 was established in 1990 from an 18-year old female diagnosed with B-NHL with mediastinal features subsequent to treatment for cHL [16] , but recently reassigned to PMBL [17, 18] . The particulars and culture of these and remaining cell lines are detailled elsewhere [10, 19] .
profiling allowing the simultaneous single-tube amplification of eight polymorphic STR loci plus amelogenin (gender). Loci were amplified by primers labeled with the Beckman/Coulter dye D3 (green; Sigma-Aldrich, Munich/Germany), while the STR loci D16S539, D7S820, D13S317 and D5S818 were amplified using primers labeled with D2 (black). Data (Table A in S1 File) were analyzed with the CEQ 8000 software (Beckman-Coulter, Krefeld, Germany), which enables an automatic assignment of genotypes and automatic export of resulting numeric allele codes into the reference DNA database of the DSMZ.
Cytogenetic analysis
Cytogenetic analyses were conducted as described previously [21] . Imaging was performed using a Zeiss Axioplan (Oberkochen/Germany) microscope configured to a Spectral Karyotyping (SKY) system (ASI Ltd, Migdal Haemek/Israel). Briefly, bacterial artificial chromosome (BAC) and fosmid clones were obtained from BACPAC Resources, Children's Hospital, Oakland, CA/USA and DNA labeled by nick translation with d-UTP fluors (Dyomics (Jena/Germany). Cell lines were investigated by fluorescence in situ hybridization (FISH) using BAC/ fosmid tilepath clones which flanked or straddled loci consistently rearranged in lymphoid neoplasms including, BCL2, BCL6, BCL11A, CCND1, CCND3, IG-H/K/L, JAK2, LMO2, MYC, PAX5, REL.
Genomic Array Data
CytoScan High Density Arrays which combine oligonucleotide and SNP probes (Affymetrix, High Wycombe/UK) were used to detect genomic copy number alterations/gains/losses (CNA/G/L), losses of heterozygosity (LOH) and unbalanced chromosome translocation breakpoints at high resolution. DNA was prepared using the Qiagen Gentra Puregene Kit (Hilden/ Germany). Labeling, hybridization and washing were performed using the recommended kits and CytoScan HD arrays according to the manufacturers protocols. Quality control criteria were those set by the manufacturer. Data were subsequently analyzed using the Chromosome Analysis Suite software version 2.0.1.2 (Affymetrix). This allows access to the Database of Genomic Variants (DGV) (http://dgv.tcag.ca/dgv/app/home) for immediate identification of polymorphic CNV.
Expression profiling
Total RNA (500 ng) were labelled with biotin according to the 3´IVT Express Kit (Affymetrix). Circa 7.5 μg of biotinylated cDNA were fragmented and placed in a cocktail containing four biotinylated hybridization controls (BioB, BioC, BioD, and Cre) as recommended by the manufacturer. Samples were hybridized to Affymetrix GeneChip HG-U133 2.0 Plus for 16 h at 45°C. Washing and staining were performed with the fluidics station 450 according to the recommended FS450 protocol. Image analysis was performed on GCS3000 Scanner and GCOS1.2 Software Suite (Affymetrix). Analyses of microarray data were performed using GeneSpring 11.5.1 (Agilent, Santa Clara/CA/USA). Signal intensities (raw data) were log2 transformed and normalized. Comparison datasets were generously provided by Prof. Andreas Rosenwald (Institute of Pathology, University of Würzburg, Germany) or obtained from the BROAD Institute (www.broadinstitute.org). For creation of heat maps we used the software CLUSTER version 2.11 and TREEVIEW version 1.60 (http://rana.lbl.gov/EisenSoftware.htm). For clustering the algorithm was set to Euclidean distance based on p-values confirmed by multiscale bootstrap resampling [22] . For microRNA profiling the Affymetric GeneChip miRNA 2.0 system was used together with samples drawn from the DSMZ cell bank as comparison data sets. For data analysis Affymetrix cel-files were loaded into R/Bioconductor (3.1.0/2.14) using package oligo. External SET2 data are publicly available on GEO (GSM836163, GSM836164, GSM836165). Before principal component analysis (PCA), data were preprocessed, normalized and 10% of the most variable miRNA taken for calculating principal components.
qPCR
Reverse transcriptase and qPCR used total RNA extracted using the RNEasy Kit (Qiagen). cDNA was subsequently synthesized from 3 μg RNA by random priming, using Superscript II (Invitrogen, Darmstadt/Germany). qPCR was performed by the 7500 Fast Real-time PCR System (Applied Biosystems, Darmstadt/Germany), using SsoFast EvaGreen Real Mastermix (BIORAD, Hercules, CA/USA) and custom designed oligonucleotides (MWG Eurofins, Martinsried/Germany-for sequences see Table B in S1 File). For normalization of expression levels we used TATA box binding protein (TBP). Quantitative analyses were performed in triplicate and repeated twice. The analysis of relative quantitative expression was performed using the Applied Biosystems software (2^ΔΔCt), followed by statistical analysis and data visualization using the R-based ggplot2 package [23] .
Results
Authentication
STR profiles of PMBL cell lines are given in Table A in S1 File, all testing unique among circa 3000 known cell line profiles provided by the major cell banks (https://www.dsmz.de/services. html). Positive authentication was subsequently provided by cytogenetics (see below). 
Transcriptional clustering and principal component analysis
Cytogenetics
Consensus ISCN karyotypes [24] of the four PMBL cell lines recorded at the DSMZ and previously by their originators were as follows:
FARAGE: 46(41-46)<2n>XX; no consistent abnormality detected. The originator karyotype was: idem +11. Loss of a chromosome 11 homolog is probably attributable to clonal divergence.
KARPAS-1106P: 49(45-51)<2n>XXX,+X,i(X)(p10),der(X)dup(X)t(X;13)(q25;q11), del(2) (p16p22), der(3)t(2;3)(p25;p14), +9,i(9)(p10),dup(12)(q11q14.1),del(14)(q12q21), del(15) (q11q15),+17, del(18)(q21q22), dup(18)(q12q21),+20,del(20)(q13.1q13.3)x2,add(21)(p13); and that of the originator: 49,XX,der(X)t(X;13;18)(q28;q12;q21),i(Xp),del(2)(p11.2p13), der(3) t(2;3)(p13;p25), +i(9p), ins(12;?)(q13q13),del(14)(q11.2q13),del(15)(q11q15), der(18)t (X;13;18)(q28;q12.;q21),-20, del(20)(q13q13)x2. Thus, both karyotypes are closely similar.
MEDB-1: 47(41-47)<2n>XY,inv(X)(p21;q12),+1,der(1)t(1;14)(p11;q11),t(2;12)(p24; p12),+9, der(10)t(10;20)(q25)(q11),-14,i(21)(q10). The originator karyotype was: 47,XY,inv (X)(p22q13), +der(1)t(1;14)(q10;q10),+9,-14,-21,i(21q), again closely resembling that observed. U-2940: 45(43-45)X,-X,del(3)(p14p21),del(6)(q13q15),der(7)t(2;7)(q22;p22), dup(12) (q13q22), der(14)t(X;14)(q12;p11),t(16;16)(p12;p13),del(17)(p13); and that of the originator: 45-46,-X,del(3)(p13p21),del(6)(q14q16),del(7)(p11),+i(7)t(2;7)(q23;q31), dup(12)(q12q21), der(14)del(X)(q21.1q21.3)t(X;14)(q11;p11),t(16;16)(p12;p13.3), again resembling that observed.
For representative SKY images see Fig 1A-1D . Thus, karyotypes of all four cell lines matched the originators' data, both confirming their stability in vitro and authenticity suggested by their unique STR profiles (Table A in S1 File).
FISH analyses using BAC clones covering lymphoma breakpoints (BCL2, BCL6, BCL11A, CCND1, CCND3, IG-H/K/L, JAK2, LMO2, MYC, PAX5, REL) all tested normal, excluding rearrangements at these loci. Thus, although most PMBL cell line karyotypes bore chromosome translocations, none target known common lymphoma breakpoints.
Cytogenetically visible deletions at 16p13 hosting SOCS1 were present in 3/4 cell lines: monoallelic in FARAGE, biallelic in Karpas-1106P and U-2940, but absent from MEDB-1 (Fig  2A-2D) . Only in U-2940 was this rearrangement microscopically visible without FISH. Deletions of 20q13 were present in KARPAS-1106P (Fig 2E) but not in MEDB-1 (Fig 2F) . This rearrangement effected PTPN1 monosomy in KARPAS-1106P, while in MEDB-1 where it is mutated [8] , PTPN1 escaped deletion.
FISH mapped breakpoints of unbalanced der(3)t(2;3)(p14;p25) present in KARPAS-1106P to ACTR2 at 2p25 and RAF1 at 3p14 (Fig 2G-2I ). Refinement by genomic array (Fig 3A) placed the 2p14 breakpoint just upstream of the ACTR2 coding region and that at 3p25 inside RAF1 consistent with FISH data. Although ACTR2-RAF1 mRNA fusion has been reported by RNAseq [25] , we were unable to detect hybrid mRNA by RT-PCR using published coordinates (S2 Fig). Moreover, formation of the reported chimeric ACTR2-RAF1 mRNA demands an additional cryptic inversion to generate the required ORF. Table 1A and 1B, and those of shared monoallelic CND given in Table 1C . Twelve fourfold-or more amplified regions were present (Table 1A) of which four were shared with two or more cell lines, together with a further 12 shared biallelic/monoallelic deletions (Table 1B) ; these are discussed below. In addition, 49 monoallelic shared deletions were documented (Table 1C) . Table 2 lists 72 LOH shared overlapping regions present in two or more PMBL cell lines and genes encoded within. Detailed genomic plots of 12 conspicuously altered loci at 1p12, 2p15, 2p16, 6q23, 6q27, 7p22, 7q31, 8q24, 9p21, 9p24, 16p13, 16q23 and 19q13 are presented in Fig 3B. A corresponding microarray gene expression heatmap covering candidate genes mainly within genomically altered loci is shown (Fig 4A) with select validation by qPCR ( Fig  4B) .
Classical CNA which promotes oncogene activity by increasing mRNA levels occurred only sporadically in PMBL cell lines: singular amplifications, moderate in level (3.5-6.5 fold), were detected in three cell lines (Table 1A) . Of 12 CNA seven were focal housing at most one or two genes but were restrained in level and frequency when compared to cHL and DLBCL cell lines. Focal CNA were present in KARPAS-1106P (8q24, Xq11), MEDB-1 (1q31, 9p21) and U-2940 (2q33, 3q28) together with a slightly larger CNA region (ca. 1.2 Mbp) at 6q22. Correlating genomic with microarray expression data ( Fig 4A) showed that of four protein coding genes mapping within focal CNA loci, one showed above average (KLF7/2q3), and three near average expression (AGTBP1/9q21, DENN1B/1q31, LPP/3q27), discounting a major role for CNA in gene activation in PMBL cells.
Focal deletions abolish gene expression whether acting alone or in concert with inactivating mutations or epigenetic modifications of residual alleles. Focal null deletions were observed in three cell lines: namely, FARAGE (2p16), KARPAS-1106P (1p12, 1p31, 1p36, 9p21, 16p13, 20q11; plus subclonally at 12q26); and U-2940 (7p22, 8q24, 9p21, 16p11, 19q13) together with 1p12. Of these, three loci bore overlapping null deletions, at 1p12, 9p21 and 16p13. Validation of deletions covering the SOCS1 locus was obtained by FISH for three cell lines, FARAGE, KARPAS-1106P and MEDB-1 (Fig 2A-2C) , and for the PTPN1 locus for KARPAS-1106P and MED-B1 (Fig 2E and 2F) .
Parallel microarray expression data ( Fig 4A) were also used to assess the candidacies of CNV as potential targets and selectively validated by qPCR (Fig 4B and 4C) . Independent PMBL patient expression data compared to cHL were extracted from online expression data 1p12: The CD58 locus was targeted by microdeletion, biallelic in KARPAS-1106P, monoallelic in MEDB-1 and U-2940 ( Fig 3B) . Expression levels reflected CNV status ( Fig 4A) . CD58 is also conspicuously silent in PMBL patients (S4A Fig), while neighboring IGSF3 expression remained inconspicuous reflecting that in cell lines (not shown). Although this region carries a polymorphic CNV (Fig 3B) , only IGSF3 was affected. (2)t(2;3)(p14;p25) in KARPAS-1106P as revealed by genomic arrays expands the FISH data. B: Color coded plots of FARAGE (purple), KARPAS-1106P (pink), MEDB-1 (blue), U-2940 (green)-show genomic copy number (solid) and LOH (barred) at 12 loci (1p12, 2p15, 2p16, 6q23, 7p22, 7q31, 8q24, 9p21, 9p24, 16p13, 15q23, 19q13, together with OMIM genes below. Copy number polymorphic regions (http://dgv.tcag.ca/dgv/app/home) are shown between, listing gains (blue), losses (red), and copy number neutral alterations, such as inversions (gray). 1q31: The DENN/MADD Domain I (DENND1B) gene which is upregulated in PMBL cell lines is amplified in MEDB-1 only (not shown).
2p15: Although genomic array data confirmed the reported CNA in KARPAS-1106P at 2p15, its peak plateau (4n) excluded REL, the mooted target in PMBL (Fig 3B) . REL expression, Table lists coordinates (HG19) and hosted loci in PMBL cell lines bearing (A) significant CNV, both gains (4x) and (B) losses (null) and both protein coding and noncoding RNA genes located within. Part C lists shared unilateral deletions including non-overlapping deletions in the same genes. Where multiple cell lines are involved coordinates of common affected regions are shown. DGV polymorphisms are excluded. * CNV approximating those in previous BAC-array studies [6, 26] are denoted accordingly.
doi:10.1371/journal.pone.0139663.t001 although consistently high in PMBL cells-exceeding that in both cHL and DLBCL-was thus but weakly correlated with CNV. The sole gene inside the amplicon peak region which was consistently upregulated was COMMD1 (Fig 4B) , also the most conspicuously upregulated in patients S4A Fig) . 2p16: Both MSH6 and the adjacent FBXO11 were deleted in FARAGE (biallelic) and MEDB-1 (monoallelic) (Fig 3) accompanied by dose-related transcriptional downregulation, markedly so in FARAGE (Fig 4A) . Both genes are conspicuously silent in PMBL patients and may be deemed candidate tumor suppressor genes (S4A Fig). 3q27: Expression of BCL6 and LPP like DLBCL surpassed that in cHL cells placing PMBL closer to the former entity (Fig 4A) . BCL6 copy numbers remained diploid (not shown) although expression was raised in FARAGE and U-2940 and lowered in KARPAS-1106P and MEDB-1. Interestingly, BCL6 was conspicuously well expressed in PMBL patients (S4A Fig). 6q23: Biallelic deletion affecting TNFAIP3/A20 (Fig 3B) accompanied conspicuous silencing of this gene in U-2940 cells (Fig 4A) . Silencing also affected some DLBCL and TCL cell lines (Fig 4A) . LOH at this locus was present in KARPAS-1106P (not shown) where expression levels were intermediate (Fig 4A) . The same cell line reportedly carries an inactivating TNFAIP3 mutation [28] . TNAFAIP3 silencing was also apparent among PMBL patients (S4A Fig). 7p22: Focal biallelic deletion of AIMP2 and EIF2AK1 (Fig 3B) accompanied conspicuous silencing of both genes in U-2940 (Fig 4A) . Of these, EIF2AK1 evidenced the greater silencing in PMBL patients (S4A Fig). 7q31: A complex pattern of deletion and amplification was observed. ZNF277 was downregulated in U-2940, and IMMP2L in MEDB-1 (not shown) which respectively bore focal monoallelic deletions at these loci (Fig 3B) . In PMBL patients both genes are downregulated in patient subsets (S4A Fig). 8q24: A complex CNV pattern was observed around PVT1 and the associated miR cluster while excluding MYC (Fig 3B) . The centromeric microdeletion present in all four cell lines is apparently non-polymorphic. Biallelic deletion in U-2940 and four-fold amplification in KAR-PAS-1106P affecting PVT1 were reflected transcriptionally (Fig 4A) , while the embedded miR cluster (miR-1204-1208) remained inconspicuously silent throughout in miR arrays (not shown). Likewise, PMBL patients expressed widely fluctuating PVT1 levels (S4B Fig). 9p21: In KARPAS-1106P and U-2940 biallelic, and in FARAGE monoallelic, focal deletions affected the adjacent CDKN2A/B loci (Fig 3B) . Although trisomic, the locus in MEDB-1 also evidenced LOH (not shown). Gene expression data showed silencing of CDKN2B in all cell lines irrespective of ploidy, and of CDKN2A except in MEDB-1, but conspicuously so in U-2940 and KARPAS-1106P (Fig 4A) . qPCR confirmed CDKN2A/B silencing (not shown). In patients as in cell lines CDKN2A was conspicuously silenced, and CDKN2B unevenly so (S4B Fig) . Collectively, these findings raise the spectre of epigenetic controls at this locus, such as silencing by DNA methylation.
9p24: At this site of recurrent CNV ploidy gains were ubiquitous in both PMBL and cHL, sparing only FARAGE. Tetraploidy in KARPAS-1106P was extended plateau-like, but focal in MEDB-1 cresting a wide triploid region, while a microdeletion in U-2940 impinged CD274. Consensus gains included PDCG1LG2 and KIA1432 (Fig 3B) . There was no clear correlation between CNA and transcriptional upregulation, as both JAK2 and CD274 which showed unambiguous upregulation (Fig 4A and 4B) shunned the amplicon peak. Thus, while endorsing the existence of a 9p24 amplicon in PMBL its relationship to JAK2 remains enigmatic, the combined CNA and expression data marginally favoring CD274 while failing to exclude multiple targeting.
16p13: Genomic deletions, monoallelic in FARAGE, biallelic in KARPAS-1106P/MEDB-1/ U-2940, covered 6 transcriptionally silenced genes at 16p13: namely, CIITA, LITAF, SOCS1, RM1/2 and TNP2, (Fig 3B) . On expression arrays the flanking candidates CIITA and LITAF undercut cHL, DLBCL or T-ALL cell lines (Fig 4A) . According to qPCR data, SOCS1 showed the most consistent silencing, just ahead of LITAF which lay outside the CDR (Fig 4B) . Uniquely, in U-2940 a cytogenetic rearrangement t(16;16) accompanied deletion (Fig 1D) . In patients, of these candidates only LITAF was conspicuously underexpressed, and RMI2 but moderately so ( S4B Fig). CIITA/MHC2TA expression remained nondescript in both settings (Fig 3C and Fig 4B) .
16q23: Biallelic and monoallelic deletions affecting the common fragile site FRA16D gene WWOX were present in MEDB-1 and U-2940 (Fig 3B) correlated with modest expression seen therein (Fig 4A) . Interestingly, both deletions are intronic and perfectly correspond to known polymorphisms (Fig 4A) . In PMBL patients WWOX is conspicuously downregulated (S4C Fig). 17p13: Although TP53 may be inactivated in PMBL, this locus displayed neither copy number losses nor LOH. Expression remained unperturbed (not shown).
17q21: GPATCH8 uniquely bore a singleton biallelic deletion in U-2940 which abolished transcription, while the monoallelic deletion in FARAGE accompanied depressed microarray expression therein (not shown).
19q13: A biallelic focal deletion was present in U-2940 (Fig 3B) accompanied by conspicuous silencing of KIAA0355 (Fig 4A) seen also in patients (S4C Fig). 21q12: A discrete fourfold amplicon of circa 15 Kbp was present in both KARPAS-1106P and MED-B1 (Table 1A) which although apparently identical in both cell lines is not hitherto recorded as a polymorphism. This region includes part of the coding region of MYH9 which was, however, inconspicuously expressed in both patients and cell lines (not shown).
In addition to biallelic deletions which ipso facto enforce gene silencing, 49 shared monoallelic deletions (SMD) were recorded (Table 1C) . On average shorter than biallelics, these sometimes shared identical coordinates and may represent unrecorded polymorphisms. To assess their significance SMD were also checked against microarray expression. This exercise revealed two examples correlating with gene expression, one positively (2q12/NCK2) and one negatively at 10q12/FAM21B, i.e. within expected stochastic noise levels.
Losses of heterozygosity (LOH)
LOH are thought to promote cancer by exposing recessive gene mutations or epigenetic silencing modifications among tumor suppressor genes. Alternately, LOH may activate oncogenes by silencing their cognate micro-RNAs. In total 72 shared LOH were recorded the most frequent and widespread alterations present (Table 2 ). Most LOH were extensive covering multiple genes, hampering target identification. A minority were focal pinpointing candidate gene targets within a few loci, e.g. at 6q23 (TNFAIP3) and 9p24 (CD274)-both targeted separately by focal deletions in other cell lines (Figs 3B and 4A and 4B) . LOH also occurred independently of deletions, e.g. at 16q12 FARAGE, MEDB-1 and U-2940 (Table 2) negatively correlated with gene expression at this locus (Fig 4A) : of potentially inactivated genes inside the common LOH region (EIF2S1, GPHN, and MPP5) were also underexpressed in PMBL patients ( S4B Fig). In the same three cell lines LOH was also observed at 16q12 where ITFG1 and PHKB were downregulated both in the affected cells (Fig 4A) and in PMBL patients in general (S4 Fig). Singleton LOH was accompanied by conspicuous LMO2 silencing in MEDB-1 covering the 3´distal regulatory region (Fig 4A) . In the PMBL patient series LMO2 was highly expressed throughout highlighting downregulation in MEDB-1 ( S4B Fig). LOH at 14q23, in KARPAS-1106P, MED-B1 and U-2940 was seemingly accompanied by downregulation of GPHN and MPP5 (Fig 4B) . In PMBL patients, however, the same genes were conspicuously silent as was the adjoining EIF2S1 (S4B Fig). While microRNA loci also fell within genomically altered regions offering a possible explanation for upregulation accompanying LOH-parallel miR expression arrays provided no evidence that these impacted transcription (not shown).
Discussion
By integrating genomic with parallel transcriptional data sets we both documented genomic alterations in PMBL cell lines and prioritized gene candidates for further assessment. Given the degree to which cell lines portray the emerging oncogenomic picture of PMBL we conclude that they provide suitable resources for pursuing further investigations into this enigmatic neoplasm. Shared impactful changes were shown to feature in two or more cell lines forming patterns of recurrence warranting further study. Although their rearrangement spectrum partially overlaps neighboring entities cHL and DLBCL, PMBL cell lines stand apart bearing far fewer rearrangements than the former, while lacking the recurrent B-cell oncogene translocations of the latter. These evidences plus its snug transcriptional niche close to both neigboring entities show that the PMBL cell lines fill a unique oncogenomic niche consistent with their attribution to PMBL.
The likely import of deletions in PMBL was first bestowed by low density array studies [6, 26] . While broadly consistent with these groundbreaking studies (Table 1) , the increased sensitivity afforded by high density arrays allowed detection of an additional layer of CNV, mainly unilateral deletions invisible to BAC arrays. The CNV impacting gene expression the most were, however, bilateral deletions affecting protein coding genes. Top genes/loci verifiably impacted by deletions and/or LOH included MSH6/FBXO11 at 2p16 (in two cell lines), TNFAIP3 at 6q23 (three), CDKN2A at 9p21 (four), and SOCS1 (four) together with LITAF (three) at 16p13-all plausible oncogenic agents, including some already known in PMBL. Although additional CNV were detected, notably the unilateral short CND discussed above, their targets and impact, remain doubtful after assessment with parallel expression data. The significance of other hitherto uncharacterized deletion candidates, e.g. the ubiquitously expressed GPATCH8 at 17q21 and KIAA0355 at 19q13, also awaits further study.
Among validated candidates, SOCS1 deletion/mutation in KARPAS-1106P and MEDB-1 has been already described where it delays JAK2 degradation to allow pSTAT6 stockpiling [29, 30] . Our findings add FARAGE and U-2940 to the list of cell lines bearing 16p13 deletions and confirm concurrent SOCS1 inactivation throughout. Our data also indict neighboring LITAF (and possibly RMI2) as collateral targets. While SOCS1 remains the prime target of 16p13 deletions, LITAF (lipopolysaccharide-induced TNF-alpha factor)-a DNA binding protein which promotes cytokine production including TNF-α, seems to be affected by this lesion. Promoter methylation and biallelic deletion of LITAF has been reported in DLBCL [31] . Here we show that LITAF is both deleted and downregulated in PMBL cell lines while conspicuously silenced in PMBL patients (S4C Fig). LITAF has been identified as a BCL6 target in mature B-cell lymphomas where it regulates autophagy [32] . Together with STAT6, LITAF governs CCL2 expression via NFKB1, and its ancient genomic proximity to SOCS1 may reflect a need for coregulation. A tumor suppressor role for LITAF has also been reported [33] , and this role invites further study in PMBL. Nearby RMI2 is a component of the BLM complex via processing of Holiday junctions formed after DNA repair [34] and its role, if any, in PMBL requires to be established.
In 21% DLBCL cases the immunosurveillance marker CD58 (LFA3) is inactivated [35] , as reflected by our cell line (Fig 4) and patient data (S4A Fig) consistent with previous reports [4, 35] . Loss of CD58 expression as seen in KARPAS-1106P recalls an immune escape mechanism reported in DLBCL [36] .
FBXO11 at 2p16 forms a complex which targets BCL6 for ubiquitylation and proteasomal degradation in DLBCL [37] . Biallelic deletion and silencing of FBXO11 among lymphoma cell lines occurred uniquely in FARAGE along with raised BCL6 expression. MSH6-co-deleted and silenced along with FBXO11-is subject to inactivation in DLBCL associated with microsatellite instability, increased structural rearrangement and altered mutation signatures [38] . PMBL cell lines also carry mutations in other genes affecting genome stability (Ehrentraut et al., in preparation). BCL6 and FBXO11 are also weakly expressed in PMBL cell lines and merit clinical evaluation.
Centromeric of FBXO11 lies REL at 2p15 which though highly expressed in PMBL cell lines (Fig 4A and 4B ) falls outside the CNA region in KARPAS-1106P implying deregulation other than via CNV. Interestingly, genome wide association studies have shown that single polymorphic base changes, at 2p15 near REL and 8q24 near PVT1 where recurrent CNV were detected (Fig 3B) , increase the risk of cHL [39] . Alhough COMMD1 activation is less emphatic, it lies within the amplicon peak and is also well expressed in PMBL patients. COMMD1 shortens survival in DLBCL [40] , perhaps via deregulation of NFκB [41] , and its candidacy merits consideration alongside REL whose overexpression is firmly linked to CNA at 2p15 [42] .
TNFAIP3 inactivating mutations occur widely in DLBCL, cHL and in PMBL patients and have been reported in KARPAS-1106P [28, 43] . Mutations inactivating TNFAIP3 are also present in MEDB-1 (Ehrentraut et al., in preparation). These findings, together with the expression data pinpoint TNFAIP3 as a key tumor suppressor gene. Inactivation has been described in a variety of T/B-cell lymphomas and leukemias where it is also thought to promote activation of NFκB [44] , a gene well expressed in all 4 PMBL cell lines.
Although deletions affecting 9p21 are widespread in aggressive leukemia and have been described in DLBCL, genes at this locus emerge relatively unperturbed in PMBL [45] . Here lie the coding regions for CDKN2A/B which yield several transcript variants, including p14/ARF from a different reading frame. CDKN2A/B foster self-renewal and, though epigenetically silenced throughout hematopoiesis, subsequently remain poised for reactivation by oncogenic stress. Oncogenomic losses posited to affect this locus are attended by special caveats concerning polymorphism (both gains and losses) and the possibility of immortalization artifact. However, clinical data show that CDKN2A inactivation is widespread in PMBL patients (S4B Fig) buttressing the cell line data.
Our data also show that the posited genomic upregulation of JAK2 which outlies the CNA peak also warrants further study. Although JAK2 is constitutively phosphorylated in MEDB-1 at least [46] , "smoking gun" mutations or translocations remain unreported in PMBL and cHL alike [47] . Nevertheless, the hypersensitivity of PMBL cell lines to JAK2 inhibitors has been taken to imply oncogene addiction [48] . JAK-STAT signalling in PMBL is relayed via STAT6, itself constitutively activated in both KARPAS-1106P and MEDB-1 recalling cHL and DLBCL [46, 49] . BCL6 silencing has been identified as a downstream target of JAK-STAT signalling [50] further highlighting this pathway as an actionable target in PMBL. Again, our data highlighted an alternative target at 9p24, CD274/PDL1, which confers immune privilege by binding the PD1 receptor on reactive CD8+ T-cells and thus inhibits proliferation [51] , offering a novel candidate for blockade therapy [52] .
High density oligonucleotide/SNP arrays remove some bias inherent in BAC arrays while offering improved resolution, parallel LOH data, and-thanks now to the continually updated Database of Genomic Variants-the ability to sift out natural polymorphic CNV. Integrating genomic and transcriptional microarray data allows prioritizing of gene candidates targeted by genomic rearrangements at a first pass level. By delineating ever shorter regions of interest, high density arrays simplify candidate ranking. Finding little evidence that chromosomal translocations impact cancer gene alterations, our findings pinpoint bilateral microdeletions as the predominant class of impactful genomic lesion in PMBL cell lines. Thus our findings strengthen the case for applying high density arrays to clinical samples. And while LOH was in a few cases also correlated with gene silencing, its likely transcriptional-hence oncogenicconsequence remains doubtful. Parallel studies addressing the impact and role of gene mutations in PMBL cell lines are nearing completion in this lab, while those addressing the role of epigenetic modifications, such as DNA methylation, in gene regulation in PMBL are underway.
This study combined high density oligonucleotide/SNP arrays with cytogenetics to profile the genomic features of PMBL cell lines revealing subtle genomic changes therein, notably short genomic deletions. By integrating genomic lesions with global cell line and patient expression data we shortlisted potentially impactful gene targets therein, comprising known, suspected and hitherto inconspicuous candidates. The current investigation endorsed the validity of this panel to serve as an oncogenomic resource and scaffold in pursuit of novel biomarkers and actionable gene targets in PMBL and evaluate "intelligent" therapies directed against specific lesions in cells bearing them. 
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